Only little is known about the meiotic prophase events in human oocytes, although some of them are involved in the origin of aneuploidies. Here, a broad study of the pairing and synaptic processes in 3263 human euploid and 2613 aneuploid oocytes (47,XX,C21 and 47,XX,C13), using different techniques and methods, is presented in order to elucidate the characteristics of this essential meiotic process. Our results reaffirm the existence of a common high efficiency in the pairing process leading to the obtainment of a bivalent for all chromosomes studied in euploid and aneuploid cases. Nevertheless, this high efficiency was insufficient to consistently produce trivalents in aneuploid oocytes. Trivalent 21 was only observed in 48.8% of the 47,XX,C21 pachytene-stage oocytes studied, and trivalent 13 was found in 68.7% of the 47,XX,C13 pachytene-stage oocytes analyzed. Our data confirm the hypothesis which suggests that in human oocytes the presence of an extra chromosome could interfere in bouquet dynamics. In addition, the pairing process of the X chromosome is altered in trisomic 21 oocytes, providing evidence of the influence that an extra chromosome 21 may cause meiotic progression. 
Introduction
Meiosis is the special cell division that provides haploid cells, called gametes, which ensure species diploidy after fertilization. In order to complete this process, the nucleus undergoes substantial reorganizations, which mainly promote three major events, all of which occur during the first meiotic division: first, the encounter of the homologue chromosomes (alignment and pairing) and the establishment of a physical interaction between them (synapsis), mediated by a proteinaceous structure called the synaptonemal complex (SC; Fawcett 1956 , Moses 1956 ). Secondly, the exchange of genetic material between homologue chromosomes (for a review see Marcon & Moens 2005) . Finally, at the anaphase of the first meiotic division, each homologue is segregated to one pole of the cell.
In humans, aneuploidy is mainly caused by errors produced during the initial stages of the female meiotic process (Hassold & Hunt 2001) . However, human female meiosis is still poorly understood because it is initiated during the fetal time period, and the obtainment of samples for the analysis is difficult. Nevertheless, some papers have studied human oocyte I using classical approaches mainly focusing on the establishment of the time frame in which meiotic prophase takes place in the human female, but also analyzing how homologues synapse (Ohno et al. 1962 , Baker 1963 , Blandau 1969 , Kurilo 1981 , Bojko 1983 , Speed 1985 , Garcia et al. 1987 , 1989 . Fluorescence in situ hybridization (FISH) has enabled the analysis of particular homologue pairing processes of euploid and aneuploid oocytes using whole chromosome probes (WCP) alone or combined with locus identification probes (Cheng & Gartler 1994 , Cheng et al. 1995 , 1998 , Cheng & NaluaiCecchini 2004 , Roig et al. 2005a or particular sets of probes to study oocytes with rearranged genomes (Cheng et al. 1999 , Cheng & Naluai-Cecchini 2004 . More recently, studies have used immunofluorescence (IF) to primarily analyze meiotic recombination (Barlow & Hultén 1997 , Hartshorne et al. 1999 , Roig et al. 2004 , 2005b , Lenzi et al. 2005 . In most of these studies, important differences concerning homologue synapsis and the recombination progression process between male and female meiosis are described both in humans (Bojko 1983 , Rasmussen & Holm 1984 , Roig et al. 2004 , Lenzi et al. 2005 , Oliver-Bonet et al. 2005 ) and mice (Morelli & Cohen 2005) , suggesting that these may be involved in the differences observed in the origin of human aneuploidy.
Because most of the recent studies performed in mammalian meiosis have focused on studying meiotic recombination, only little is known about the homologue pairing process and synapsis, and this is also true for human oocytes , Cheng & Naluai-Cecchini 2004 , Roig et al. 2004 , 2005a , 2005b , Lenzi et al. 2005 . On the other hand, chromosomes 13, 21, and X are involved in some of the most common human trisomies, and in the aneuploidies shown by oocytes at metaphase II (Cupisti et al. 2003 , Pujol et al. 2003 . In this paper, an extensive analysis of the pairing process and synapsis of homologues 13, 21, and X in 5876 oocytes is performed. Different technical approaches have been used combining FISH and IF techniques to analyze both the pairing process and synapsis. Analysis has been performed in spread and 3D preserved preparations from euploid and aneuploid cases in order to improve our knowledge about homologue pairing and synapsis implication in the origin of human aneuploidy.
Materials and Methods

Biological material
In this study, a total of 13 fetuses (Table 1) were used after legal interruption of pregnancy according to the Ethics Rules Committee of the Hospital de la Vall d'Hebron, Barcelona, Spain. Of these, seven were euploid fetuses, five were prenatally diagnosed for Down syndrome, and one was prenatally diagnosed for Patau syndrome. The age of each case was calculated from the last menstrual period and echogram. The results presented in this paper are based on 12 samples that, all of them, were used for the first time in this study, and sample V94 was used in a previous study with different goals (Table 1 ; Roig et al. 2005b) . Nevertheless, in order to deepen the knowledge of the pairing and synaptic processes, our results obtained in this study were compared with previously published data (Roig et al. 2004 (Roig et al. , 2005a (Roig et al. , 2005b .
Processing of the sample
In those cases in which sample karyotype was not known, the ovaries were processed as described previously (Roig et al. 2003) in order to obtain a somatic chromosome complement of the sample.
Samples were also processed to obtain structurally preserved nuclei preparations (Roig et al. 2004) , which enabled a 3D study of the nucleus, and oocyte spreads for IF and FISH purposes, as described recently (Martínez-Flores et al. 2003 , Roig et al. 2004 , 2005b , were used to characterize homologue chromosome pairing and synapsis in detail.
Fluorescence in situ hybridization (FISH)
In order to study the homologue chromosome 21, 13, and X pairing processes, FISH was performed in euploid and aneuploid methanol:acetic acid spread oocytes as described previously (Roig et al. 2005b) . Different commercial (Vysis, Downers Grove, IL, USA, and Cambio, Cambridge, UK) and non-commercial (provided by Dr R Stanyon, National Cancer Institute-Frederick, Frederick, MD, USA) WCP, as well as a 13q14/21q22 locus-specific identification (LSI) probe (Oncor, Gaithersburg, MD, USA), were used. DNA was counterstained by applying an antifade solution (Vector Laboratories, Peterborough, UK) containing 0.1 mg/ml 4 0 ,6 0 -diamidino-2-phenylindole (Sigma). Oocyte staging was performed according to the morphological criteria previously described (Garcia et al. 1987) . As a brief summary, leptotene-stage oocytes are characterized by the start of homologue chromosome condensation and individualization. At the zygotene stage, the synaptic process starts, and thickening of the bivalents is visible where it is completed. At the pachytene stage, bivalents are completely synapsed, thus they appear thicker than that in the rest of the stages. Finally, at the diplotene stage, homologues separate, but they remain close, joined only by the chiasmata.
Immunostained preparations used to analyze synapsis of the homologue chromosomes were also FISHed with LSI probe 13q14/21q22 (Oncor) with the aim to detect 900 P Robles, I Roig and others the homologue 21s, following the protocol described elsewhere (Roig et al. 2005b) .
IF staining
The IF techniques were used to analyze the evolution of synapsis of the homologue chromosomes in spread and 3D nuclear-preserved preparations of euploid and aneuploid oocytes. Synapsis was followed using a mouse polyclonal serum against meiotic-specific cohesin REC8 (Prieto et al. 2004) provided by Dr José Luís Barbero, DIO/CNB (Spain), as well as a rabbit polyclonal serum against the SC central element-specific protein synaptonemal complex protein (SYCP1) (Lammers et al. 1994) , which was provided by Dr Christa Heyting (Wageningen, the Netherlands).
Meiotic prophase evolution was also followed by analyzing the presence of bouquet topology in 3D preserved cells using a rabbit polyclonal serum against the axial element of SC, the SYCP3 protein (Meuwissen et al. 1992) , provided by Dr Christa Heyting (Wageningen) and a mouse monoclonal antibody (MAB; Imgenex, San Diego, CA, USA) against telomeric protein TRF1 interacting protein 2 (TIN2) (Kim et al. 1999) .
IF staining was performed as described previously (Roig et al. 2004) . Primary antibodies were diluted in PBGT (PBS, 0.2% BSA, 0.2% gelatin, and 0.05% Tween 20) and incubated overnight at 4 8C in a humid chamber.
After washing away unreacted antibodies with PBGT, detection was performed by the following fluorochromeconjugated secondary antibodies (all from Jackson ImmunoResearch Laboratories, diluted in PBGT): goat anti-rabbit Cy3, a goat anti-rabbit fluorescein isothiocyanate (FITC) antibody, a goat anti-mouse Cy3 antibody, and a goat anti-mouse FITC antibody. Secondary antibodies were incubated for 1 h at 37 8C in a humid chamber. Later, washing off of the secondary antibodies excess with PBGT and fixation of the fluorescent signals with 1% formaldehyde in PBS were performed. DNA was counterstained as mentioned above.
Microscopy and image analysis
The preparations were evaluated using an Olympus BX70 fluorescence microscope (Olympus Optical Co). Images were taken and produced by SmartCapture software (Digital Scientific Ltd, Cambridge, UK), and further processed using Adobe Photoshop to match the fluorescent intensity seen in the microscope.
Statistical analysis
The Fisher F-test, lineal-by-lineal analysis, and logistic regression were applied in this study, as detailed below in each section, using SPSS 13.0 software (SPSS Inc., Chicago, IL, USA). The degree of significance applied in each test is also indicated.
Results
Pairing of homologues 21 and X in human euploid fetuses
To analyze the pairing of chromosomes 21 and X, FISH was performed in spread oocytes with WCP 21 or X. A total of 2867 euploid oocytes were analyzed.
The results presented in Table 2 show that chromosome pairing, as defined by the presence of a single WCP signal in the oocyte, in human euploid oocytes starts at the leptotene stage for both homologue pairs, as described previously for chromosomes 13, 18, and 21 (Cheng et al. 1995 , 1998 , Roig et al. 2005a , 2005b . Although the pairing process of chromosome 21 progresses faster than that of the X chromosome, it shows a higher error rate (0.3% of the oocytes presented two separate chromosome 21s at the pachytene stage), whereas this was not observed for the X chromosome in any oocyte (Fisher F-test, PZ0.507), these differences between two chromosomes being not statistically significant. As it has been reported for chromosome 18 (Roig et al. 2005a) , the presence of leptotene-stage oocytes with three chromosome 21s from euploid fetuses has been observed, demonstrating the existence of premeiotic non-disjunction events. In contrast, this was not observed for the X chromosome.
Pairing of homologous chromosomes 13 and 21 in oocytes from fetuses with trisomies 13 and 21
To analyze the pairing process of the homologue chromosomes involved in trisomy, FISH was performed in oocytes from 47,XX,C13 and 47,XX,C21 fetuses (Tables 3 and 4 ) by applying WCP 13 and WCP 21, as well as a dual 13q14/21q22 LSI. A total of 296 oocytes from 47,XX,C21 (nZ132) and 47,XX,C13 (nZ164) were analyzed. 
Chromosome 21
Chromosome X 1 Bivalent % (n) 2 Univalents % (n) 3 Univalents % (n) 1 Bivalent % (n) 2 Univalents % (n) 3 Univalents % (n) In both trisomic cases, presence of a total trivalent configuration at the pachytene stage was observed. However, results suggest that chromosome 13 presents greater efficiency than chromosome 21 does in obtaining a complete pairing along the whole chromosome length of the three homologues: trivalent 13 is found in 68.6% of the trisomic 13 pachytene-stage oocytes, while trivalent 21 is only observed in 48.8% of the trisomic 21 pachytene-stage oocytes ( Fig. 1 ; Tables 3 and 4). Our results also indicate that the trivalent configuration is maintained until the diplotene stage for both 13 and 21 homologues, with the same proportion found at the pachytene stage (lineal-by-lineal analysis, PZ0.863 and PZ0.624 for homologues 13 and 21 respectively). Other differences have been observed between these two homologues: chromosome pairing process analysis at the leptotene stage shows that homologue pairing starts earlier in trisomic 13 oocytes (Tables 3 and 4) , although statistical analysis has concluded that these differences are not significant (Fisher F-test, PZ0.274). In addition one trisomic 21 pachytene-stage oocyte with three univalents was found, while this has not been observed in trisomic 13 oocytes.
Synapsis of chromosome 21 homologues in oocytes from fetuses with trisomy 21
Analysis of the synaptic process of the three homologue 21s found in trisomic 21 oocytes was performed. In order to assess whether the pairing process efficiency found was sufficient to progress throughout prophase or SC formation among the three homologues was needed, SC formation was analyzed by IF following meiotic-specific cohesin REC8 and the SC central element protein SYCP1. Identification of chromosome 21s was performed by FISH using a LSI 13q14/21q22 probe.
At the pachytene stage, 35.7% of the oocytes analyzed (nZ42) presented a complete trivalent ( Fig. 2A) , 28.6% displayed a partial trivalent (Fig. 2B) , and 35.7% of the oocytes showed a bivalent plus a univalent (Fig. 2C) . No pachytene-stage oocyte with three univalent 21s was observed. These results are similar to those obtained by FISH analysis (Table 4 , lineal-by-lineal analysis, PZ0.294).
Presence of an extra chromosome delays bouquet resolution
During meiotic prophase, telomeres appear clustered along the nuclear membrane displaying bouquet topology, which promotes homologue encounters and consequently the pairing process (for a recent review see Scherthan 2006) . Recent investigations have demonstrated that the bouquet lasts longer in mammalian females when compared with the males (Pfeifer et al. 2003 , Roig et al. 2004 , and the presence of an extra chromosome may delay bouquet resolution in human oocytes (Roig et al. 2005b) . To investigate this delay in trisomic 21 oocytes, an analysis of the percentage of oocytes displaying telomeric clustering was performed in six trisomic 21 cases. Three-dimensional nuclearpreserved preparations were immunostained against telomeric protein TIN2 and SC component proteins SYCP3 and SYCP1. A total of 1231 oocytes were analyzed.
Oocytes from trisomy 21 fetuses showed a significantly higher bouquet frequency than oocytes from euploid fetuses (Fig. 3A and Table 5 ; logistic regression, P%0.001).
In order to study the magnitude of the delay in bouquet formation in oocytes from trisomy 21 fetuses, the proportion of oocytes with telomeric clustering corresponding to the late stages of bouquet formation at the pachytene stage was compared in oocytes from euploid and trisomy 21 fetuses. The proportion was higher in oocytes from trisomy 21 fetuses but not significantly different ( Fig. 3B and Table 5 ; logistic regression, PR0.005).
Presence of an extra chromosome 21 affects the chromosome X pairing process As previous studies have suggested that the presence of an extra chromosome 21 affects the autosomal 13 pairing process (Cheng et al. 1998) , it was decided to investigate whether the extra chromosome 21 could also affect the X on oocytes from female fetuses with trisomy 21. A complete analysis of the X homologue pairing process was done for 1418 oocytes from fetuses with trisomy 21 and 1457 oocytes from fetuses with a euploid karyotype (Table 6 ).
Comparing the leptotene and zygotene stages, there was no significant difference between oocytes from euploid or aneuploid oocytes (Fisher F-test, PZ0.187). However, nine pachytene-stage oocytes from trisomic 21 fetuses had two univalent X chromosomes, which indicated a significantly higher error rate in the X pairing process (Fisher F, PZ0.02). This is consistent with the hypothesis that an extra chromosome 21 affects X chromosome pairing.
Discussion
In this paper, an extensive analysis of the pairing process, followed by FISH, and synapsis, analyzed by the detection of the SC central element protein SYCP1, of homologue chromosomes 13 and 21 is described in 3263 oocytes from fetuses with a euploid chromosome complement and 2613 oocytes from fetuses with chromosome aneuploidy.
Homologue pairing process in euploid fetuses
Analysis of chromosome 21 and X pairing has revealed that this is a very efficient process, as has been proposed previously (Roig et al. 2005a (Roig et al. , 2005b , which ensures the encounter of the homologues achieving a low pairing error rate. Pachytene-stage bivalent formation efficiency obtained for chromosomes 21 and X do not significantly differ from data recently published concerning the chromosome 13 and 18 pairing processes (Roig et al. 2005a ; lineal-by-lineal analysis, PZ0.977). Thus, taking into consideration the data from all of the chromosomes analyzed in both papers, an overall pairing error rate of 0.14% can be obtained. This rate is very low when compared with the high rate of unbalanced oocytes II found in humans, which is w25% as recently reviewed by Morelli & Cohen (2005) . These data agree with the hypothesis that implication of the pairing process in the origin of the high number of human unbalanced oocytes is minimal (Roig et al. 2005a) . Additionally, these data could suggest that pairing process efficiency may be similar in all chromosomes, independent of chromosomal size, morphology or DNA content, but more studies should be performed analyzing other chromosomes to assess this hypothesis.
As has been reported in earlier studies (Cheng et al. 1995 , 1998 , Roig et al. 2005a , 2005b for chromosomes 13, 18, and 21, we have observed that pairing of the 21 and X homologues starts during the late leptotene stage. Since the first piece of evidence of telomeric clustering has been detected during the leptotene/zygotene transition in human oocytes (Roig et al. 2004 (Roig et al. , 2005b , as was already proposed in humans (Bojko 1983 ) and demonstrated in other species (Scherthan 2003) , these results seem to support the hypothesis that bouquet topology promotes homologue encounter and facilitates the synaptic process during meiotic prophase.
In this study, pre-meiotic non-disjunction events for chromosome 21 have been identified. We suggest that these pre-meiotic non-disjunction events are probably due to a precocious separation of sister chromatids, which occurred previously in prophase stages, and would increment the rate of unbalanced oocytes and the risk of aneuploidies, as was proposed by Cupisti et al. (2003) in a previous study with oocytes at metaphase II. Our study showed leptotene-stage oocytes from euploid fetuses with three chromosome 21s (0.2%, Table 2 ), which has also been described previously for chromosome 18 (0.6%; Roig et al. 2005a) . The difference between the two studies (likelihood ratio c 2 test, P%0.001) and the absence of three univalents for the X chromosome or chromosome 13 indicates that the rate of pre-meiotic non-disjunction may be different for different chromosomes.
Homologue pairing process in aneuploid oocytes
The presence of an extra chromosome may alter other homologue pairing processes Some authors have suggested that the presence of an extra chromosome may alter the pairing process of other chromosomes (Cheng et al. 1998 ). An interchromosomal effect has been principally suggested to occur in individuals affected with chromosomal translocations (Rousseaux et al. 1995 , Oliver-Bonet et al. 2001 , Blanco et al. 2003 , Morel et al. 2004 . In addition, studies performed in trisomic 21 oocytes suggested the existence of an interference for the homologue pairing process in chromosome 13 due to the presence of an extra chromosome 21 (Cheng et al. 1998) . Nevertheless, 904 P Robles, I Roig and others this effect does not seem to be universal, because studies performed in trisomic 18 oocytes have not found any alteration of the chromosome 13 pairing process (Roig et al. 2005b) . Since chromosomal interference in trisomic 21 oocytes has only been observed to occur between autosomes (Cheng et al. 1998) , we investigated whether this effect could also occur in the X chromosome. Our study suggests that the presence of an extra chromosome 21 interferes withd the X chromosome pairing process (Fisher F, PZ0.02). However, the mechanism by which these homologue pairs interact is not clear. The present study and previous studies (Cheng et al. 1998 ) may indicate that the extra chromosome 21 non-specifically interferes with a particular chromosome during prophase. On the contrary, this interference of the extra chromosome has not been observed in trisomic 18 oocytes, most likely because in almost all of the pachytene-stage oocytes, the three chromosome 18s are found forming a trivalent (Roig et al. 2005b) . In this sense, the interference found in trisomic 21 oocytes would be produced by the univalent 21 present at the pachytene stage, which may affect the pairing process of the rest of the homologues.
Bouquet topology in aneuploid oocytes
It has been reported previously that the proportion of oocytes with bouquet formation was significantly increased in trisomy 18 fetuses when compared with euploid fetuses (P!0.001; Roig et al. 2005b) . Results obtained in trisomic 21 oocytes corroborate this first observation found in aneuploid oocytes. The bouquet delay observed for trisomic 21 is not significantly different from the one previously found for trisomic 18 oocytes (Roig et al. 2005b) . Therefore, taking into account that the trivalent formation efficiency for chromosome 21 is significantly lower than that observed for chromosome 18, it is our hypothesis that the bouquet delay would be necessary for the pairing of the three homologues, but it would not be sufficient to complete trivalent conformation. However, we cannot rule out that this bouquet delay could indicate a disturbed recombination process due to the presence of an extra chromosome in these oocytes.
Trivalent efficiency
Chromosome size may influence the pairing process and, as shown in this paper and by other experiments conducted in our laboratory, homologue pairing seems to progress more quickly in shorter chromosomes than in longer ones during human female meiosis (Table 2 ; Garcia et al. data not published). This fact was also observed in male meiosis of Rattus norvegicus (Scherthan & Schonborn 2001) . Nevertheless, some authors have proposed that the double-strand breaks (DSBs) originated at the leptotene stage may help in the homologue pairing process (Moens et al. 1997 , Tarsounas et al. 1999 and, as it has been published, longer chromosomes have more DSBs than the shorter ones. Alternatively, DNA content may also influence the homologue pairing process. Chromosomes 13 and 21 are nucleolar organization region (NOR)-bearing chromosomes; thus, as shown to occur during the meiotic prophase of R. norvegicus (Martínez-Flores et al. 2003) , they may interact with the nucleolus during meiotic prophase. This event, which cannot occur in chromosome 18, may make the pairing process of the 13 and 21 homologues more difficult and therefore decrease the efficiency of trivalent 13 and 21 formation when compared with that of trivalent 18. Surprisingly, these pairing efficiency differences have not been detected in euploid oocytes (Table 2, and Roig et al. 2005a) , implying that the pairing process for chromosomes 13, 18, and 21 is efficient enough to guarantee the formation of at least a bivalent at the pachytene stage.
Results found in trisomic 13 and 21 oocytes, as well as those already published for trisomic 18 oocytes, indicate that the trivalent formed at the pachytene stage is maintained until the diplotene stage. This finding is linked to the fact that the three homologues recombine among themselves, most likely two by two. Moreover, this process implies the existence of at least two recombination events among the three homologues in order to keep them together until the diplotene stage. Finding two recombination points in a trivalent 21 is a significant increase in the recombination rate observed Table 2 .
Pairing and synapsis during human female meiosis for bivalent 21 in euploid oocytes by Tease et al. (2002) and agrees with the preliminary observations performed in our laboratory (Robles and Garcia). Thus, it seems that recombination events may adapt to the number of chromosomes synapsed. Alternatively, as proposed recently (Borner et al. 2004) , crossover designation is established early in meiotic prophase when homologues start pairing; thus, we believe, in the case of the trisomic 21 oocytes, the three homologue 21s may contact only two by two; therefore, two crossovers are designated for trivalent 21. Nonhomologous synapsis has been reported to occur in trisomic 21 oocytes (Barlow et al. 2002) . Nevertheless, we have not observed any indication of this happening in our samples. Similarly, one of the first cytological analyses of trisomic 21 oocytes (Speed 1984) reported that only a small fraction of the pachytene-stage oocytes presented a full triple synapsis of the chromosome 21s. These data are in disagreement with our findings, possibly related to different factors. First, the technical approaches used in the mentioned studies are different from those used here. Moreover, in this study, the number of oocytes analyzed is significantly higher than those reported in the other studies. Secondly, a high variability between samples concerning synaptic configurations achieved by the three chromosome 21s has been observed in previous studies (Barlow et al. 2002) and here (data not shown). This fact would be in agreement with other studies focused in the recombination process, suggesting the existence of a high variability between samples in humans (Lenzi et al. 2005) .
In summary, we conclude that the present study agrees with previous studies performed in euploid oocytes in which a high pairing process efficiency was described (Cheng & Gartler 1994 , Cheng et al. 1995 , Roig et al. 2005a . Our study presents the first analysis of the pairing process for chromosome 13 in oocytes from fetuses with trisomy 13. This study also presents indirect evidence of the existence of recombination in the trivalent, which would ensure maintenance of the three homologues jointly until the diplotene stage. Nevertheless, more studies should be performed in order to test the hypothesis proposed here regarding pre-meiotic nondisjunction, existence of an interchromosomal effect in human oocytes, identifying the regulators that control bouquet resolution in meiocytes, and finally, discovering the controlling factors governing the increased recombination rate observed in trivalent 21.
